Non-biofouling surfaces constitute one of the most important subjects in sensitively and selectively detecting biomolecular events. Poly(ethylene glycol) (PEG) chains tethered on substrate surfaces are well known to reduce non-biofouling characteristics. Protein adsorption onto a PEG-chain-tethered surface is strongly influenced by the density of the PEG chain and is almost completely suppressed by the successive treatment of longer PEG chains (5 kDa) followed by the treatment of PEG (2 kDa; mixed-PEG-chain-tethered surface) because of a significant increase in PEG chain density. To modify versatile substrate surface, PEG possessing pentaethylenehexamine at one end (N6-PEG) was prepared via a reductive amination reaction of aldehyde-ended PEG with pentaethylenehexamine. Using N6-PEG, antibody/PEG co-immobilization was conducted on a substrate possessing active ester groups. After the antibody was immobilized on the surface, PEG tethered chains were constructed surrounding the immobilized antibody. It is interesting to note that the PEG-chain-tethered functions not only as a non-fouling agent but also improves immune response. The hybrid surface was also applied to oligo DNA immobilization. The oligo DNA/PEG hybrid surface improved hybridization, retaining its non-fouling ability. Densely packed PEG tethered chains surrounding antibodies and/or oligo DNA improved their orientation on the surface. Thus, this material is promising as a high-performance biointerface for versatile applications.
INTRODUCTION
Specific biorecognition on substrate surfaces has long been utilized in many applications such as biosensing, 1 immunodiagnostics, 2 enzyme immunoassay, 3 western blotting 4 and protein microarrays. 5 Important factors for the improvement in specific biorecognition on surfaces are the suppression of nonspecific biofouling and the suitable orientation of immobilized biomolecules. The former decreases nonspecific noise and the background level, and the latter increases the specific recognition level. To improve the non-biofouling character of surfaces, numerous efforts have been undertaken. In general, natural polymers such as albumin, casein and dextran have been used for blocking on substrate surfaces. 6 These treatments work well and suppress protein biofouling extensively. If extremely high performance is required, however, these blocking treatments are not enough. In addition, natural products, especially those derived from animals, may have undesired contents such as bacteria and viruses, which may affect the user. 7 Under these circumstances, synthetic polymers have been recently suggested as suitable surface blocking agents. Numerous types of water-soluble polymers, such as poly(acrylamide), poly(vinyl alcohol), poly(vinyl pyrrolidone) and poly(ethylene glycol) (PEG), have been investigated so far. Recently, new types of synthetic polymers such as poly(methoxy acrylate) and poly(2-methacryloyloxyethyl phosphorylcholine) have been developed.
PEG is one of the most popular water-soluble polymers and is used as a surface-modification agent. Nagaoka and his co-workers 8 first reported in 1982 that a 'PEG polymer brush,' which denotes one PEG chain-end immobilized on a substrate surface to form a tethered chain, improved anti-thrombogenicity. Since their report, many reports on PEG-chain-tethered surfaces have been published. [9] [10] [11] [12] We have begun to investigate the performance of PEG tethered chains in producing anti-biofouling effects using our original heterobifunctional PEG. From our investigation, both chain length and density of PEG are important factors in improving the non-biofouling character of surfaces. 13 An increase in the PEG molecular weight (MW) results in a decrease in the chain density of the PEG layer due to the increased excluded-volume effect, which causes solute penetration into the PEG layer to induce nonspecific interactions with the substrate. Thus, the length and density of the tethered PEG chains produce a tradeoff in terms of the sensitivity and selectivity of biomolecule recognition. To overcome this tradeoff, a mixed-PEG-chain-tethered surface with a filler layer of short PEG (2 kDa underlain on the pre-constructed longer PEG brush layer) was prepared. 14 The surface composed of mixed-PEG tethered chains almost completely prevented the nonspecific adsorption of bovine serum albumin (BSA). The present review describes the effect of mixed PEG on the non-biofouling character and also hybrid construction of a PEG/biopolymer mixture on substrate surfaces for versatile applications. Because many excellent reviews on PEG surface coating have been previously published, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] this review mainly introduces our work.
BACKGROUND
PEG has long been manufactured industrially and utilized in many applications such as nonionic surfactants, lubricants, an intermediate for urethane composition, adhesives and cosmetics. 29 PEG is non-toxic and is also used for bio-related applications such as pharmaceutical formulation, 30 aqueous two-phase partition, 31 precipitant for plasmid DNA isolation, 32 protein crystallization 33 and cell fusion. 34 Among water-soluble polymers, PEG has the following characteristics. 35 PEG has a small w-parameter (wo0.5), which is an index of the interaction between a polymer and solvent (Flory-Huggins interaction). This means that PEG is completely miscible in water, owing to the hydrogen bonding between water molecules and ether oxygen in the PEG chain. PEG has one of the largest second virial coefficients among water-soluble polymers, which means that it adopts a wellexpanded conformation in aqueous media. From Flory's dilute solution theory, the second virial coefficient is affected by the chain-chain excluded volume. The large second virial coefficient of PEG denotes a large excluded volume among water-soluble polymers. PEG also has a small mobility factor value, s, which denotes the root-mean-square end-to-end distance /R 2 S 1/2 of the polymer concerned divided by that of an ideal freely rotating chain. Thus, a large s-value indicates a polymer with a stiff rod-like chain in solution. The small s-value of PEG means high mobility in aqueous media. Thus, PEG has (i) high water compatibility, (ii) a large exclusion volume and (iii) extremely high flexibility in aqueous media.
From these perspectives, PEG has begun to have an important role in the development of high-performance biointerfaces. This is especially true regarding the versatile techniques for surface coating using PEG that have been developed since the 1980s to improve blood and bio-compatibility. Figure 1 summarizes several methods for the immobilization of PEG on substrate surfaces: PEG gels, 19, 20, 36 the physical and chemical immobilization of PEG 13, 21, 37 (so-called grafting-to method), the adsorption of block [22] [23] [24] [25] [26] [27] 38 and graft 27, 28, 39, 40 copolymers, polymerization from the surface 41 (the so-called grafting-from method), the immobilization of star-shape polymers and micelles, [42] [43] [44] and other methods.
CONSTRUCTION OF A DENSELY PEG-CHAIN-TETHERED SURFACE FOR HIGH ANTI-FOULING CHARACTER
There are several methods used to construct PEG tethered chains on surfaces. Two main techniques are known as the 'grafting-from' and 'grafting-to' methods; the former is used to construct PEG chains by the polymerization of vinyl monomers from a surface, and the latter involves the immobilization of polymer to a surface. The graftingfrom technique has been thoroughly studied by Tsujii and his co-workers 41 and is not described in this review. The grafting-to method is performed by inducing a specific interaction between the polymer and the surface, namely, hydrophobic interaction, electrostatic interaction or covalent conjugation. To suppress protein adsorption, a PEG-chain-tethered surface with different chain lengths was prepared by the adsorption of PEG-b-poly(dl-lactide) (PEG-b-PLA) onto a PLA surface by hydrophobic interactions.
Protein adsorption onto PEG-b-PLA surfaces was then measured using BSA as a model protein. Figure 2 shows the BSA adsorption from Dulbecco phosphate-buffered saline (À) solution onto various PEG-b-PLA surfaces. On a PLA surface, BSA was significantly adsorbed, while on PEG-coated surfaces BSA adsorption clearly decreased. As the MW of the PEG chain was increased, the amount of BSA adsorbed onto the surface significantly decreased to a PEG MW of about 3300. A further increase in the PEG chain length resulted in a slight increase in BSA adsorption. The same trend was observed for the adsorption of BSA from both 0.01 and 4.5 mg ml À1 BSA solutions, although the amount of BSA adsorbed from the latter solution was almost twice the BSA adsorption from the former solution, in the region with shorter PEG chain lengths. The reduced adsorption of BSA was more pronounced in the region with higher PEG chain lengths, especially at the PEG/PLA (3.3/5.4) surface, which showed a minimum adsorption of BSA. The high MW of PEG, however, did not completely eliminate protein adsorption. There are several possible explanations for the decrease in protein adsorption Densely PEG-chain-tethered biointerface Y Nagasaki with the change in the MW of PEG, including a large excluded volume, osmotic repulsion, the high mobility of the PEG molecule, the high water content of PEG surfaces and the low interfacial free energy of PEG with water. Regardless of the mechanism, the increase in the thickness of the PEG surface layer is very important factor. However, an increase in the PEG chain length results in a decrease in the chain density of the PEG layer due to the increased excludedvolume effect, causing solute penetration into the PEG layer to induce nonspecific interactions with the substrate. Thus, the length and density of the tethered PEG chain constitute a tradeoff in terms of the sensitivity and selectivity of biomolecule recognition. To construct a surface with a highly selective biosensing capability through PEG modification, a tethered PEG layer is required to satisfy the creation of both long chain length and high density to ensure nonfouling. With the increase in the MW of PEG tethered chains, the nonbiofouling character was observed to improve as stated above. Tethered chains that are too long, however, tend to enhance the nonspecific adsorption of proteins. How can we overcome this tradeoff relationship? To construct rather longer PEG chains while retaining high PEG chain density, a mixed-PEG-chain-tethered surface, which suggests the introduction of a short under-brush PEG layer to the surface pre-modified with comparatively long PEG chains, was constructed (Scheme 1). Figure 3 shows the protein adsorption character of a surface plasmon resonance (SPR) sensor chip coated with sulfanyl-ended PEG (SH-PEG) tethered chains as a function of protein sizes. 45 The mixed-PEG chain tethered on a gold surface was created by the successive immobilization of SH-PEG (5 kDa) followed by SH-PEG (2 kDa). 13 When dextran gel was used as a control, nonspecific adsorption was prevented to some extent when using high-molecular-weight protein. With the decreasing size of the protein, the nonspecific adsorption increased significantly. The conventional PEG-chain-tethered surface prepared with PEG (5 kDa) suppressed the nonspecific adsorption of the proteins possessing a MW higher than 10 kDa. However, the performance was too low at MWs below 10 kDa. In the case of the mixed-PEG-chain-tethered surface, complete non-fouling was observed. In particular, the mixed PEG surface prevented not only the absorption of large MW proteins but also that of small proteins and peptides. Actually, even tetrapeptides (RGDS, MW¼450) could be rejected almost completely.
SYNTHESIS OF END-REACTIVE PEG FOR SURFACE MODIFICATIONS
PEG modification is widely applied in developing versatile substrate surfaces not only for PLA and gold surfaces as stated above, but also for various types of plastics, metals and metal oxides. We have recently synthesized PEG possessing pentaethylenehexamine at one end (N6-PEG; Scheme 2). N6-PEG can be applied not only to gold surfaces but also to other material surfaces; active-ester surfaces are particularly suitable.
For PEG modification on a gold surface, PEG-SH is commonly used, which has shown excellent inhibition of the adsorption of nonspecific molecules. 46, 47 However, the Au-S linkage is not strong enough under physiological conditions because of the limited oxidative stability of thiolate species, [48] [49] [50] as well as the exchange reactions with thiolated compounds that occur inside the body. Thiolatemodified surfaces are also damaged by exposure to light, high temperature and oxygen. [48] [49] [50] To improve the long-term stability of Scheme 1 Mixed-poly(ethylene glycol) (PEG) tethered-chain surface (long PEG chain improves non-fouling character, and short PEG chain increases PEG chain density).
Figure 3
Molecular weight dependency of the nonspecific adsorption of proteins and peptides on the poly(ethylene glycol) (PEG) chain surface and the values given by the carboxyl-dextran sensor chip. The 0.1-mg ml À1 solutions of the proteins and several peptides possessing different molecular weights were analyzed using a conventional PEG (5k) chain surface (squares), a mixed-PEG (5k/2k) chain surface (circles), and a commercial CM5 chip (triangles) blocked by ethanol amine via the active-ester method, n¼4. Nonspecifically adsorbed mass on PEG surfaces and on CM surfaces was calculated by using 1 RU (unit in BiaCore Instrument) as 0.088 ng cm À2 and as 0.18 ng cm À2 . This figure is reproduced from the study by Katsumi et al., 45 by courtesy of the publishers, Elsevier, Amsterdam, The Netherlands. Scheme 2 Pentaethylenehexamine-ended poly(ethylene glycol) (PEG) (N6-PEG, improves modification efficiencies of active-ester and metal surfaces).
Densely PEG-chain-tethered biointerface Y Nagasaki PEG chains tethered on gold surfaces under physiological conditions, we confirmed that N6-PEG works effectively. Though the coordination of the lone pair of the amino group is fairly low (3-6 kcal mol À1 ) 51, 52 compared with that of the Au-S linkage (approximately 50 kcal mol À1 ), 51 polyvalent interactions between the end amino groups of N6-PEG on the gold surface increased their stability significantly. The long-term stability of oligoamine-ended PEG on gold surfaces was confirmed by using gold colloid under physiological conditions. 28, 39, 40, 53, 54 Modified N6-PEG can be applied for other surfaces, especially for active-ester surfaces. 16, 55, 56 Because of the covalent conjugation of PEG on active-ester surfaces, mono-amine-ended PEG is commonly used. Though theoretically sound, this technique is not sufficiently suitable for the construction of a densely packed PEG-chain-tethered surface. When N6-PEG is used, the chain density becomes three times higher than that of mono-amine-ended PEG. During the PEG modification process, the number of immobilized PEG chains increases, which tends to prevent access to PEG chains due to the entropically repulsive force. This is why it is difficult to increase the PEG chain density using mono-amine-ended PEG as a modification agent. The pKa values of N6-PEG are in the range of 2-10, which means that N6-PEG possesses both protonated and non-protonated amines in each PEG molecule under the PEG modification conditions. Because active-ester surfaces possess a negative charge, N6-PEG produces an electrostatically attractive force, which is totally different from the mono-amine-ended PEG system. In the case of monoamine-ended PEG, protonated PEG covers the surface, which prevents the nucleophilic attack of non-protonated mono-amine-ended PEG. N6-PEG is now commercially available from JSR, Tokyo, Japan.
CONSTRUCTION OF PROTEIN/PEG HYBRID SURFACES AND THEIR PERFORMANCES
Enzyme-linked immunosorbent assay is a popular immunoassay method used to quantify immune complexes attached to a solid phase using microtiter plates. Recently, a new enzyme-linked immunosorbent assay system using immunomagnetic beads has been proposed; 55, 56 namely, ligand-conjugated magnetic beads are used as the solid phase instead of the microtiter plate to improve the effectiveness of the antibody conjugation, along with achieving easy handling. Immunomagnetic assay requires high-performance magnetic particles, which must possess sufficient ligand-binding capacity and dispersion stability, because an extremely small number of target molecules must be detected from crude samples containing various proteins and electrolytes. These contaminants always affect the efficiency and reliability of the assay technique. In addition, nonspecific binding to the particles is often responsible for high background levels and poor sensitivity and selectivity. To solve these problems, effective surface modification is needed.
As stated above, mixed PEG chains tethered to a substrate surface show extremely high non-biofouling character. These mixed PEG tethered chains can be applied to magnetic bead surfaces; indeed, densely packed mixed PEG tethered chains have been constructed to surround pre-immobilized antibodies on magnetic surfaces as shown in Scheme 3. This mixed-PEG-chain-tethered surface, which possesses a short PEG filler layer coupled with long PEG tethered chains, has been confirmed to increase its density and result in almost complete protein rejection of not only high-molecular-weight proteins but also small peptides.
To increase the PEG tethered-chain density on the magnetic bead surface, a fill-in treatment was performed similar to that of the gold sensor chip mentioned above; namely, after a PEG tethered-chain surface was constructed using long PEG chains (5 kDa), short PEG (2 kDa) was immobilized to fill the space between the long preconstructed PEG-chain-tethered surface. The mixed PEG treatments were applied to verify the effectiveness of blocking on the immunomagnetic bead surfaces. As shown in Figure 4a , blocking was effective when the particles were modified with a mixed PEG treatment (PEG (6 kDa):PEG (2.5 kDa)¼9:1), namely, the surface showed much lower nonspecific binding (4%) than that coated with N6-PEG (PEG 6 kDa). This result suggests that the PEG tethering surface, especially that containing mixed PEG, functions as an effective blocking agent. This was attributed to the highly dense PEG chain between the surface antibodies, which repels the nonspecific binding of a secondary antibody. The specific antigen (a-fetoprotein) sensitivity of the magnetic-bead-enzyme-linked immunosorbent assay system was estimated using immunomagnetic beads modified with the mixed N6-PEG. It was again confirmed that the sensitivity of the a-fetoprotein antibody changes due to the blocking agent. In the case of mixed PEG treatment, this was not significant, but definitely increased the sensitivity compared with the N6-PEG treatment (Figure 4b ). Because both low nonspecific binding and high specific sensitivity were achieved for the mixed N6-PEG blocking, the S/N value was remarkably higher than that of BSA, which is used as a conventional blocking agent. Actually, the 4% mixed PEG blocking showed an S/N value 20 times higher than that of the magnetic beads with BSA blocking (PEG (6 kDa):PEG (2.5 kDa)¼9:1, Figure 4c ). These results reveal that a considerable improvement in sensitivity was achieved by using the particles that were treated with mixed N6-PEG.
N6-PEG-coated magnetic beads also showed improved dispersion stability compared with those coated with BSA. After incubation with the cell lysate, the N6-PEG-coated beads were dispersed stably, whereas those coated with BSA and other conventional blocking agents (casein, gelatin; data not shown) resulted in immediate sedimentation within a minute under the same conditions. Immunoassays are often influenced by nonspecific binding to the solid phase, which is one of the fatal factors that trigger high background and sometimes false positives. Carboxyl-activated immunolattices are usually blocked with amines, such as ethanolamine, aminocaproic acid, glycine or deactivated proteins. However, it is not satisfactory to block the entire charge on a surface, and in some cases, blocking agents accelerate nonspecific protein adsorption. 57 A certain amount of active esters can be hydrolyzed during the modification process, which reduces blocking efficiency. In the case of a conventional blocking agent such as BSA, it is not sufficient to suppress the nonspecific interaction of proteins on the surface. Because the isoelectric point of BSA is 4.7, the number of BSA molecules that have access to the particle surface is relatively lower Scheme 3 Antibody/mix poly(ethylene glycol) (PEG) hybridized surface (densely packed mix PEG chain improves not only non-fouling character but also orientation of antibody).
Densely PEG-chain-tethered biointerface Y Nagasaki under the assay conditions (in phosphate-buffered saline, pH 7.4) due to the electrostatic repulsive force between the two negatively charged surfaces. Thus, the blocking effect of the adsorbed BSA might be substantially reduced.
We have confirmed that the PEG chain density increases with the increasing concentration of the PEG modification agent. 14 The reactivity of the surface antibody thus increases according to the increase in the PEG tethered-chain density. This tendency was also observed for the mixed PEG treatment; namely, the tethered-chain density increased with the fill-in treatment of a short PEG chain, which increased the surface antibody activity (Figure 4b ). The improvement in the surface antibody sensitivity due to the increase in the PEG chain density may be attributed to the enhancement in the performance of the surface antibody by certain factors, such as the orientation of the antibody and the accessibility of antigens. In addition, because the MW of the PEG segment used here was only 6 kDa, the accessibility of the corresponding antigen might not be affected, whereas BSA (68 kDa), casein (420 kDa) and gelatin (4100 kDa) may cover the molecular recognition site on the antibody. Furthermore, it is well known that fraction V of BSA contains dimers or trimers; thus, the molecular recognition sites are readily hindered from accessing the corresponding antigen. These facts may be the reasons for the insufficient blocking capacity and lower sensitivity when immunomagnetic particles are treated with conventionally used blocking agents.
CONSTRUCTION OF OLIGODNA/PEG HYBRID SURFACES AND THEIR PERFORMANCES
The sensitive and selective detection of target molecules on DNAmodified gold surfaces is one of the powerful analytical methodologies in modern molecular biology. [58] [59] [60] [61] [62] Efficient immobilization protocols yielding high surface coverage, well-established alignment and proper orientation of single-strand DNA (ssDNA) on surfaces as a probe molecule are primary issues in the construction of high-performance DNA-based sensors. The immobilization of probe ssDNA molecules onto a gold surface is generally accomplished by using sulfanylanchored DNA (DNA-SH; It was well known that 'mercapto-' and '-thiol' have been used in the scientific literature as prefix and suffix, respectively. However, according to the 'A Guide to IUPAC Nomenclature of Organic Compounds (Recommendations 1993; Blackwell Scientific publications (1993) ' , the prefix 'sulfanyl-' is preferred to 'mercapto-' that was used in previous editions of the IUPAC Nomenclature of Organic Chemistry. Therefore, we used 'sulfanyl' as prefix in our manuscripts instead of 'mercapto-' in this paper. You can check this recommendation in the web site http://www.acdlabs.com/iupac/ nomenclature/93/r93_296.htm and http://www.acdlabs.com/iupac/ nomenclature/93/r93_302.htm), which can form a strong bond between a sulfanyl group and a gold surface. [63] [64] [65] However, as shown in recent studies, amine groups on non-hybridized nucleobases in ssDNA can also interact with gold surfaces effectively, becoming unavailable to hybridize with the target DNA molecules on the surface. Thus, extensive efforts to develop surface passivation techniques for the improvement of DNA density and orientation on a gold surface have been made. In a common method for the passivation of gold surfaces, ssDNA-SH-modified gold surfaces can be exposed to a solution containing a small-molecular-weight sulfanyl compound, such as mercapto hexanol or undecanol, which displaces most of the ssDNA-SH from the surface and forces the remaining ssDNA into an upright conformation. [66] [67] [68] [69] [70] [71] Because this method is based on the substitution reaction between ssDNA-SH and sulfanyl-anchored small molecules, the decrease in the surface density of the ssDNA-SH is inevitable, resulting in low sensitivity for the constructed DNA-based sensor.
We have already confirmed the usefulness of the oligoamine anchor 15, 16, 26, 27, 56, [72] [73] [74] [75] [76] instead of the sulfanyl group anchor [77] [78] [79] for molecular immobilization on gold surfaces and developed polyamineended PEG-modified gold surfaces using PEG-block-poly[2-(N,Ndimethylamino)ethyl methacrylate] (PEG-b-PAMA) as an effective Densely PEG-chain-tethered biointerface Y Nagasaki platform for ssDNA immobilization and detection; 73 in our scheme, PEG-b-PAMA was immobilized onto the gold surface followed by treatment with a ssDNA-SH, resulting in the formation of ssDNA-SH/ PEG-b-PAMA co-immobilized gold surface.
Prior to the preparation of an ssDNA/PEG co-immobilized surface, a PEG chain surface was constructed using PEG-b-PAMA. To confirm the effectiveness of oligoamine at the end of the PEG chain (so-called block copolymer), we prepared different types of copolymer containing both PEG and PAMA chains, PEG-b-PAMA and PAMA-graft-PEG (PAMA-g-PEG; Scheme 4), whose elemental composition ratios were almost the same; comparative studies of PEG-b-PAMA and PAMA-g-PEG layers on gold surfaces by SPR and X-ray photoelectron spectroscopy (XPS) analyses were conducted. 80 To evaluate the characteristics of a PEG-polyamine layer constructed on a gold surface, XPS analysis was conducted for PEG-b-PAMA-and PAMA-g-PEG-modified gold surfaces. The elemental compositions of the PEG polyamines given as atomic percentages (%) were close to the expected theoretical compositions predicted by molecular stoichiometry. Additionally, the elemental compositions of C, O and N on the PEG-b-PAMA-modified gold surface were very close to those on the PEG-g-PAMA-modified surface, indicating that there was almost no difference in the elemental composition ratios between the synthesized PEG-b-PAMA and PAMA-g-PEG, as expected from the polymer characterization data.
The data shown in Figure 5 obtained from the standard XPS analysis at a 901 takeoff angle do not reveal the differences between PEG polyamine layers on gold surfaces. However, angle resolved X-ray photoelectron spectroscopy (ARXPS) analysis, XPS analysis data obtained at several takeoff angles, clearly elucidate the conformational difference between PEG-b-PAMA and PAMA-g-PEG layers on gold surfaces. Figures 5a and b show the ARXPS data of PEG-g-PAMA-and PAMA-b-PEG-modified gold surfaces, respectively, where the longitudinal axis is the ratio between nitrogen and carbon atomic composition (N/C), and the horizontal axis represents the takeoff angles of photoemission. In the case of the PEG-g-PAMA-modified gold surface, the N/C values at all of the takeoff angles (from 01 to 901) were almost the same, indicating that PAMA segments and PEG segments were distributed over all regions of the constructed polymer layer, as illustrated in the inset of Figure 5a . However, in the case of the PEG-b-PAMA-modified gold surface, a decrease in the N/C value with decreasing takeoff angle was observed. At takeoff angles ranging from 451 to 901, an N/C value of 0.95 was obtained, which was almost the Densely PEG-chain-tethered biointerface Y Nagasaki same value as that for the PEG-g-PAMA-modified gold surface at takeoff angles from 01 to 901 (Figure 5a ). Interestingly, the N/C values decreased dramatically with decreasing takeoff angle from 451 to 01 and finally reached 0.72. This result indicates a decrease in the nitrogen content in the upper level of the constructed polymer layer, namely, the inhomogeneous distribution of PAMA and PEG segments in the constructed PEG-b-PAMA polymer layer on the gold surface. Therefore, in the case of the PEG-b-PAMA-modified gold surface, the PAMA segment of PEG-b-PAMA was concentrated on the gold surface, and the PEG brush layer may have been constructed on the surface as described in the inset in Figure 5b . The adsorption properties of PEG-chain-containing graft copolymers onto inorganic substrates have been studied by the groups of Textor, 81 Spencer 82 , and their co-workers, where the adsorption stability of these copolymers was observed to be strongly affected by the pH, salt concentration and their grafting density. In this study and our companion article, 80 we reported for the first time the direct observations of homogeneous/ inhomogeneous distributions of PEG and polyamine segments in the polymer layers on flat gold surfaces, where polyamine segments functioned as an anchor for molecular immobilization on the surface and at least six units of amine groups were needed for the strong chemisorption of polyamine on a gold substrate. 26 Using PEG-b-PMA block copolymers with different chain lengths, we then prepared an ssDNA/PEG-b-polyamine hybrid surface on a gold surface. It is interesting to note that the PEG-b-PAMA modification increased the amount of immobilized ssDNA-SH on the gold surface to 2-5 times as much as that on a bare gold surface, where the effective and selective detection of the complementary ssDNA was accomplished by the ssDNA-SH/PEG-b-PAMA (5k/5k) co-immobilized surface. Figure 6a shows the angle shift SPR data for ssDNA-SH immobilization on a PEG-chain-tethered surface pre-modified by PEG-SH, N6-PEG or PEG-b-PAMA. When the probe ssDNA-SH contacted the N6-PEG(5 kDa)-pre-immobilized surface, almost no shifts in the SPR angle were observed, as was the case with the PEG-SH-modified surface. On the contrary, the shifts in the SPR angle after ssDNA-SH adsorption on the PEG-b-PAMA (5k/5k) and PEG-b-PAMA (5k/10k)modified surfaces were two-and fivefold higher than those on the bare gold surface, respectively. Taking into account the shifts in the SPR angle after polymer adsorption, these facts indicate that the amount of ssDNA-SH adsorbed onto a gold surface can be increased by modifying the oligoamine chain length of the PEG-oligoamine block copolymer.
To confirm ssDNA-SH immobilization via the Au-S linkage on the PEG-oligoamine-modified surface, the immobilization behavior of ssDNA (5¢-(T) 20 -GCCACCAGC-3¢), which has no mercapto group at the 5¢ end, on the PEG-b-PAMA (5k/5k)-modified surface was examined. As shown in Figure 6b , SPR angle shifts of 0.21 and 0.11 were observed when ssDNA-SH and ssDNA were adsorbed onto the PEG-b-PAMA (5k/5k)-modified surface, respectively. Almost no angle shift change was observed when the ssDNA-SH/PEG co-modified surface was washed with 1 M NaCl solution. In contrast, the 0.11 SPR angle shift disappeared almost completely on the ssDNA/PEG comodified surface as a result of the 1 M NaCl wash. These results indicate that the electrostatically adsorbed ssDNA on the PEG-b-PAMA (5k/5 k)-modified surface was easily removed by the 1 M NaCl solution, while the ssDNA-SH was strongly immobilized on the PEGb-PAMA-modified gold surface via the covalent Au-S linkage. These adsorption behaviors of ssDNA and ssDNA-SH indicate that the constructed DNA-SH-b-PEG-oligoamine co-immobilized surfaces are stable under physiological conditions and support the immobilization model shown in Scheme 5.
To assess the hybridyzation behavior of the probe ssDNA immobilized on the PEG-b-oligoamine-modified surface, the SPR signal of the target ssDNA (5¢-GCTGGTGGC-3¢; complementary ssDNA) and single-base-substituted ssDNA (5¢-GCTGTTGGC-3¢; mismatched ssDNA) was analyzed on the bare and the PEG-b-PAMA (5k/5k)modified gold surface (Figure 7 ). Although the same amount of ssDNA-SH was immobilized on both surfaces (in this experiment, the immobilized amounts of ssDNA-SH on both surfaces were adjusted to the 0.21 SPR angle shift), the angle shift of complementary ssDNA adsorption on the PEG-b-PAMA-modified surface was much Densely PEG-chain-tethered biointerface Y Nagasaki higher than that on the bare gold surface, presumably due to the difference in the probe ssDNA orientations on the two surfaces. Thus, PEG-b-PAMA block copolymer immobilized on a gold surface may inhibit the interaction between the gold interface and the nucleobases in ssDNA, 6 resulting in the standing conformation of the immobilized ssDNA, which recovers its ability to hybridize with the complementary ssDNA. In contrast, the angle shift in the adsorption of the mismatched ssDNA on the PEG/ssDNA surface was lower than that on the bare gold surface. The PEG tethered chains on the PEG/ssDNA mixed surface are considered to reduce the nonspecific adsorption of the mismatched ssDNA. Consequently, the S/N value of the constructed PEG/ssDNA mixed-chain-tethered surface was more than four times higher than that of the bare gold surface.
MISCELLANEOUS PEG-CHAIN-TETHERED SURFACES
Using mixed PEG tethered chains on substrate surfaces, several other unique surfaces have been constructed. When mixed PEG chains were constructed to surround an enzyme pre-immobilized on a gold nanoparticle surface, the thermal stability of the surface increased significantly, 83, 84 thus enabling the development of thermally stable enzyme complexes. A sulfanyl-terminated PEG brush layer was constructed on a gold sensor platform by consecutive treatment with a sulfanyl-ended semitelechelic PEG (MeO-PEG-SH, 2 kDa) and a sulfanyl-ended telechelic PEG (5 kDa, SH-PEG-SH). 85 It is based on a mixed-PEG-brush formation from the longer SH-PEG-SH (5k) and the shorter MeO-PEG-SH (2k), where the pre-immobilized shorter MeO-PEG-SH (2k) prevents loop formation in the longer SH-PEG-SH (5k) on the surface and the free sulfanyl group at one end of the longer SH-PEG-SH is exposed to the mixed-PEG-chain-tethered surface. From the experimental results obtained from SPR analysis, it became apparent that the immobilization density and the orientation of the longer SH-PEG-SH (5k) on the gold surface could be controlled by the amount of pre-immobilized shorter MeO-PEG-SH (2 k; Scheme 6). A two-dimensional microarray of 10 000 (100Â100) hepatocyte heterospheroids, underlain with endothelial cells, was successfully constructed with 100-mm spacing in an active area of 20Â20 mm on microfabricated glass substrates that were coated with mixed PEG brushes. Co-cultivation of hepatocytes with endothelial cells was essential to stabilize hepatocyte viability and liver-specific functions, allowing us to obtain hepatocyte spheroids with a diameter of 100 mm that functioned as a miniaturized liver to secrete albumin for at least 1 month. The mixed-PEG-chain-tethered chain layer has an important role in preventing the overgrowth of the underlayer of endothelial cells from the 100-mm domain to the surrounding surface area. Scheme 5 OligoDNA/poly(ethylene glycol) (PEG) hybridized surface (densely packed mix PEG chain improves not only non-fouling character but also orientation of oligoDNA). Densely PEG-chain-tethered biointerface Y Nagasaki
